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Thin films with different possible mechanisms responsible for the magnetic 
anisotropy have been fabricated; their preparation, microstructure and magnetic 
properties, as well as the relations among them have been discussed in detail.   
Magnetocrystalline anisotropy was investigated in Al doped barium ferrite 
(Al-BaM) nanoparticles and thin films. Doping of Al leads to a higher coercivity in 
BaAl2Fe10O19 nanoparticles. In the case of low concentrations of Al, BaAlFe11O19 thin 
films show a longitudinal magnetic anisotropy. Mössbauer results show that Al 
preferentially occupies the 12k sites in BaAl2Fe10O19 nanoparticles. Al was considered 
to firstly enter the 2a sites in low concentrations. Our study shows that Al entering 12k 
sites will give a positive contribution to the uniaxial anisotropy of barium ferrite, 
whereas entering 2a sites gives a negative one. As a result, an increase of anisotropy 
field and coercivity was found in BaAl2Fe10O19 nanoparticles, and a longitudinal 
anisotropy was found in BaAlFe11O19 thin films.    
Shape anisotropy was studied in sputtered nickel thin films. A columnar 
structure, which might induce the shape anisotropy, was found by our TEM 
observations. An investigation of surface topography in relation to magnetic 
anisotropy was performed.  It is indicated that nickel film formed in the initial stage 
(45 nm) was a uniform and continuous layer on the native oxidized silicon substrate.  
The film with a thickness of 78 nm exhibited high coercivity Hc (806 Oe) and high 
squareness in the perpendicular direction to the film plane, while Hc of 349 Oe was 
measured in the film plane. As the thickness increased, coercivity and magnetic 
anisotropy reduced and a plane anisotropy was finally exhibited in thick films (∼500 
nm).   





Both SiO2 doped and pure cobalt ferrite thin films were synthesized using a 
sputtering method in order to study the stress-induced anisotropy. After adding a small 
amount of SiO2 to cobalt ferrite, the deposited films on the naturally oxidized silicon 
substrate exhibited a strong perpendicular anisotropy, while the pure cobalt ferrite 
films showed magnetic isotropy.  Our suggestion is that doping of SiO2 can inhibit the 
grain growth. The study showed that stress is not at the origin of perpendicular 
anisotropy in SiO2 doped cobalt ferrite thin films and thus we should look for its origin 
elsewhere. As well, we found out that doping SiO2 increases the coercivity of cobalt 
ferrite films. This may be interesting to future magneto-optical (MO) applications. 
All along our study we considered that anisotropies: -magnetocrystalline 
anisotropy, shape anisotropy, and stress-induced anisotropy play an important role in 
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CHAPTER 1                                                                                                                   INTRODUCTION 
 




Magnetic materials play an increasingly important role in electrical, 
mechanical and electronic systems, as well as in the generation and transformation of 
electrical power, telecommunications, information storage and information processing 
technologies. 
Magnetic anisotropy has recently received great attention in technological 
applications, i.e. magnetic sensors, high-end hard-disk read heads, and magnetic 
memory chips, due to its fundamental and technological properties in high-density 
magnetic recording. Recently, in high areal density recording, an areal density of 35 
Gbit/in2 with the capability to write and read data with excellent error rates has been 
produced by IBM. A new GMR read head which has a read/write speed that was 
previously unattainable has also been introduced. In order to match the newly 
introduced GMR-based read heads, media with ultra high coercivity, high anisotropy, 
fine grains and tighter size distributions are desired [1]. As a result, a great deal of 
effort should be put into the study of magnetic anisotropy and coercivity, as well as in 
exploring the new media which are capable of supporting this high recording density. 
Under these circumstances, understanding the mechanisms of different magnetic 
anisotropies becomes more and more important.  
 The phenomenon of magnetic anisotropy is very complex, since the strength 
of magnetic anisotropy of thin films can easily change with composition and 
fabrication conditions. In addition, the polycrystalline nature of technologically 
important thin films, which does not have specific orientations, makes it difficult to 
1 
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control the magnetic anisotropy. Moreover, the requirement for optimized properties 
substituting a variety of transition metals for various elements makes the magnetic 
anisotropy even more complex. Therefore, it is necessary to investigate the magnetic 
anisotropy in different materials, or in different fabrication methods on the same 
material.  
 
1.2 Magnetic anisotropy 
Magnetic anisotropy can result from several reasons. It can be of 
“crystallographic” nature, i.e. due to crystal structure or to directional ordering. As 
well, anisotropy may arise from the particular shape or arrangement of particles and 
the internal stress.  
1) magnetocrystalline anisotropy: Magnetization depending on the orientation of the 
crystal with respect to the external fields is called magnetocrystalline anisotropy [2]. 
One or more easy axes or planes may exist in the samples, along which magnetization 
requires less work. The coupling between spin and orbital moments, and the 
interaction between the charge distribution over the orbit and the electrostatic field of 
the surrounding atoms, may give rise to magnetocrystalline anisotropy. In addition, in 
non-cubic crystal lattices, the magnetostatic interaction among the atomic moments is 
also anisotropic, which may give rise to easy directions or planes of magnetization [3]. 
Anisotropy constants found in several substances are summarized in Table 1-1. 
 
Table 1-1: Anisotropy constants in some substances: 
Structure Substance K1 (105 ergs/cm3) K2 (105 ergs/cm3) 
Cubic Ni -0.5 -0.2 
Cubic CoO. Fe2O3 20  
Hexagonal BaO. 6Fe2O3 33  
 
2 
CHAPTER 1                                                                                                                   INTRODUCTION 
 
The energy required to turn the magnetization away from the easy direction is 
called the crystal anisotropy energy EK. In hexagonal structures it can be given as:                  
θθ 4221 sinsin uuK KKE +=   (1.1)  
where θ is the angle between the spontaneous magnetization and [0001] direction of a 
hexagonal structure. Ku1 and Ku2 are magnetocrystalline anisotropy constants.  
The anisotropy field is the field required to reverse the magnetization vector 
from the easy axis to a hard direction of a uniaxial crystal. Assuming Ku2   is equal to 
zero, the anisotropy field can be expressed as:   
Hk = 2Ku1/Ms (1.2) 
In cubic structures, this anisotropy energy can be written as: 
( ) 23222122123232222211 ααααααααα KKEK +++=   (1.3) 
where α1, α2, α3 are the direction cosines of the magnetization vector with respect to 
the crystallographic axes, and K1, K2  are the crystal anisotropy constants.  









Fig 1-1. Schematic drawing of a prolate ellipsoid with semi-major axis c and semi-minor axes 
of equal length a. 
 
2) Shape anisotropy:  Due to the existence of a demagnetizing field, a non-spherical 
specimen will be easier to magnetize following a long axis instead of a short one [4]. 
When we consider a specimen in shape of a prolate ellipsoid (Fig.1-1) with semi-
major axis c and semi-minor axes a and b of equal length, and the demagnetizing 
3 
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factor is Na, Nb, Nc, respectively, the demagnetizing factors have the following 
relationship: 
        1=++ cba NNN  (1.4)  
Its shape anisotropy energy density can be given by:  
      E = 8π2(Na-Nc)Ms2    (1.5)    
and the anisotropy field is:   
sac M)NN(4H −π−=  (1.6)   
 
Here the unit of H is Oe, while the unit of Ms is emu/cm3. Different demagnetizing 
factors for this model are listed in Table 1-2. 
 
Table 1-2: Demagnetizing factor of objects with different shapes: 
 
 
Shape Relationship Demagnetizing factor N 
Sphere a = b = c 3
1
cNbNaN +===    (1.7) 
Unlimited wide thin disc c = b 
0NN cb == and  (1.8) 1Na =
 
Very long cylinders c/a >>1  2
1NN ba ==  and  (1.9) 0Nc =
 
Prolate Ellipsoid k =c/a>>1, a = b < c 
( )[ ]1k2ln
k
1N 2c −=  (1.10) 
 










3) Stress-induced anisotropy: It is known that applying a mechanical stress on 
some materials [4] can lead to the creation of magnetic anisotropy. This stress-induced 
anisotropy has the same origin as that of the magnetostriction (the dimension change 
of a substance when it is exposed to a magnetic field), and is attributed to the 
4 
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formation of a small fraction of ordered pairs under stress [5,6]. It can be described by 
an energy term: 
  θσλ= 2sme sin2
3E  (1.12) 
The stress anisotropy constant can be given by: 
                                                           λσ
2
3=Κ               (1.13) 
Where λ is the magnetostriction constant, σ is the applied stress and θ is the angle 
between the stress and the magnetization.  
The plot in Fig. 1-2 schematically demonstrates the mechanism of 
magnetostriction. The magnetostriction effect arises from an alignment of the 
magnetic domains. The crystal's magnetic anisotropy couples the magnetic field with 
the lattice distortion and, consequently, produces stress. Magnetostriction constants of 
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Table 1-3:  Magnetostriction constants of some substances (Units of 10-6) 
 
Structure Substance λ100 λ111 λs
Cubic CoO. Fe2O3   -110 
Cubic Ni -46 -24 -34 
Hexagonal BaO.6Fe2O3    
 
1.3   Thesis overview 
The main goal of this thesis is to study the magnetic anisotropy in different 
materials with different anisotropy mechanisms, so as to explore the feasibility of 
preparing thin films with required magnetic properties for high-density magnetic 
recording using sputtering techniques. Another goal of this work is the investigation 
of magnetic and structural properties of different thin films. 
The systems under study vary from nanoparticles to thin films, using a range 
of reasonable materials for the study of magnetic anisotropy. The thesis has been 
divided into two parts, each focusing on different mechanisms of magnetic anisotropy. 
In part I, magnetocrystalline anisotropy was studied in Al-doped barium ferrite, both 
in powders and in thin films. Other kinds of anisotorpies, i.e. shape anisotropy and 
stress-induced anisotropy, were studied in part II. 
Part I includes two chapters. Chapter 2 is the study of Al doped barium ferrite 
powders. In Chapter 3, the effect of Al on magnetic anisotropy was studied on 
sputtered thin films. Magnetocrystalline anisotropy was studied in different Al doping 
ratios. The possible application of Al doped barium ferrite as a future high density, 
longitudinal recording media was evaluated as well.  
Besides magnetocrystalline anisotropy, other mechanisms of magnetic 
anisotropy have also been investigated in Part II. Shape anisotropy is studied in 
Chapter 4, in which the relationship between topographic and magnetic properties of 
nickel thin films was discussed in detail. In Chapter 5, stress-induced anisotropy has 
6 
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been studied in pure and SiO2 doped cobalt ferrite thin films. The properties of these 
two films are compared to each other. The possibility of developing SiO2 doped cobalt 
ferrite, a magnetic-optical recording media is also discussed in this chapter.  
A summary of our experiments and a future tentative plan was given in 
Chapter 6, based on the discussion of the preparation process, magnetic and 
microstructure properties of thin films, as well as their possible magnetic anisotropy 
mechanisms.   
 
References: 
1. J. S. Li, Preparation and Characterization of Sputtered Barium Ferrite 
Magnetic Thin Films, (UMI Dissertation Services, 1995), pp.5. 
2. H. J. F. Jansen, Science and technology of nanostructured magnetic materials, 
ed. G. C. Hadjipanayis and G. A. Prinz, (Plenum, New York, 1991) p.349 
3. H. Zijlstra, Ferromagnetic materials, vol. 3, ed. E. P. Wohlfarth (Elsevier, 
Amsterdam, 1982) p.54. 
4. B. D. Cullity, Introduction to Magnetic Materials, (Addison-Wesley 
Publishing Company, Canada, 1972), P.273. 
5. A. Hernando, H. Szymczak and H. K. Lachowicz, Physics of magnetic 
materials, ed. W. Gorzkowski, H. K. Lachowicz and H. Szymczak, (World 
Scientific, Singapore, 1987) p.451. 




























Magnetic anisotropy in Al doped barium ferrite nanoparticles 
  
2.1 Introduction 
The present interest in improving the basic magnetic properties of M-type 
hexagonal BaFe12O19 by ion substitution is closely connected with the advantageous 
applications of longitudinal magnetic recording [1-4]. Many efforts have been put in 
searching for new elements as more effective additives. Among these additives, Al is 
the most promising one because it can improve film squareness [5,6], enhance a good 
c-axis in-plain thin film texture [7], and achieve a high coercivity, up to 9.5 kOe, the 
highest reported value so far [1-3]. In this sense, the investigation of the exact role of 
Al in barium ferrite becomes very important. 






Fig. 2-1 Schematic crystal structure of hexagonal barium ferrite (BaFe12O19) [28]. 
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Barium Ferrite (BaFe12O19) has a hexagonal structure. Its lattice parameters are 
a=23.20Å and c=5.88Å with a unit cell volume of 694.7 Å3. The O2- ions layer 
sequence perpendicular to the [001] direction is ABAB… or ACAC… as shown in 
Fig. 2-1. Every five oxygen layers, one O2- ion is replaced with Ba2+. Five oxygen 
layers make one molecule and two molecules make one unit cell, resulting a total of 
64 atoms. Each molecule shows 180o rotational symmetry around the hexagonal c-axis 
against the lower or upper molecule.  
Fe3+ occurs in barium ferrite in five distinct crystallographic sites, designed as 
the octahedral sites 12k, 2a and 4f2, the tetrahedral site 4f1, and the bipyramidal site 
2b, in the ratio 6:1:2:2:1, respectively. In the magnetically ordered state, the spins of 
the 12k, 2a and 2b sublattices are aligned parallel to the crystallographic c axis 
whereas the 4f1 and 4f2 spins are oriented antiparallel to the former [12]. The ionic 
moments of variable strength and direction of Fe3+ are summarized in Table 2-1. In 
fact, Fe3+ ions might be occupied by a variety of metal ions. Different additives prefer 
occupying different crystallographic sites in barium ferrite [8-11].  
 
Table 2-1: Cation positions of barium ferrite hexagonal structure. 
Coordination number Wyckoff’s notation Fraction % Fe3+  spin orientation 
6 (Octahedral site) 2a 8.33  
5 (Bipyramidal site) 2b 8.33  
4 (Tetrahedral site) 4f1 16.67  
6 (Octahedral site) 4f2 16.67  
6 (Octahedral site) 12k 50.00  
 
Al substitution is known to have a profound influence on the magnetic 
properties of barium ferrite. For instance, Al can increase its HA and decrease its Ms 
[12, 32]. The reason is that the total magnetization per formula unit in barium ferrite 
can be described as: 
 10
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                         )T()T()T(2)T(2)T(6)T(M ab2f1fks σ+σ+σ−σ−σ=  (2.1)  
where the variable σ denote the magnetization of one Fe3+ ion in each sublattice site. 
The occupation by Al for Fe3 of those crystallographic sites with negative 
contributions may decrease Ms and simultaneously increase HA (due to HA = 2K/Ms). 
Rensen based on his previous work and Mössbauer measurements, [11] believed that 
Al3+ first occupy 2a sites then 12k sites. In contrast, Suchet [13] presented a strong 
preference of Al to the 4f1 and 2a sites. The possibility of increasing the anisotropy 
field HA of barium ferrite would make this compound very useful as a future magnetic 
recording medium.  
In the present chapter, the substitution effect of Al on the magnetic anisotropy 
in hexagonal barium ferrite was investigated. Samples were produced by both 
mechanical milling and co-precipitation methods in which Fe3+ being replaced by 
Al3+. Crystallographic features and magnetic properties of Al doped barium ferrite 
were studied and compared to those of pure barium ferrite. The ionic moment, local 
environment, and the population of each distinct crystallographic site were obtained 
from Mössbauer spectroscopy. 
 
2.2 Experimental set-up  
Two methods, i.e. mechanical milling and chemical co-precipitation were used 
to produce Al doped barium ferrite in this study. 
Mechanical milling has been proved to be a powerful and convenient method 
for obtaining fine and nanocrystalline materials, and recently it was also introduced in 
preparation of barium ferrite [14-17].  The starting materials used in this study are 
BaCO3, Fe2O3, and Al2O3.  A mixture of 1BaCO3 + 5 Fe2O3 + Al2O3 plus an excess of 
10% of BaCO3, which was considered as the formation of single Ba-ferrite phase [14-
 11
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17], was loaded in a hardened steel vial together with fifteen 10mm steel balls. The 
mixture with a weight of 20g was milled in a planetary ball mill (Fritsch Pulverisette 
5) in closed containers of hardened steel for 36 h in atmosphere.  A ball-to-powder 
mass charge ratio of 10:1 was chosen. In comparison, BaCO3 + 6Fe2O3 plus 10% of 
excess of BaCO3 (i.e. without Al substitution) were also mechanically milled under 
the same conditions as described above.   
Co-precipitation, a pure chemical method, was also used to fabricate fine 
nanocrystalline Al-BaM particles with a high purity and a narrow size distribution. A 
solution of barium nitrate (Ba(NO3)2), iron(III) chloride-6-hydrate (FeCl3. 6H2O), 
(both with a minimum purity of 99%), and Aluminum chloride (AlCl3) was prepared 
in the ratio of 1Ba(NO3)2+ 7FeCl3 + 1.4 AlCl3. The excess of Ba(NO3)2  was used to 
compensating Ba2+ for its loss during the coprecipitation process. Ammonia solution 
(NH4OH), 28 wt% of NH3, was added into the solution. A magnetic stirrer was used 
for complete dissolving. The ammonia solution was added until a pH value of 10 was 
obtained. The suspension was then filtered, washed and freeze-dried using a freeze 
dryer.  
The resultant powder prepared by using the above two methods was put into a 
die then pressed into cylindrical specimens with a diameter of 5mm and a weight of 
about 0.1 g each. Thermal treatment to the samples was performed for 1 hour within 
the temperature range of 700 to 1300°C in air. X-ray diffraction measurements were 
performed using a PW 1710 diffractometer with Cu-Kα radiation. A current of 40 mA, 
a voltage of 45 kV and a Cu Kα radiation with a wavelength of 1.5402 Å were the 
working conditions of the generator and the diffractometer.   
Mössbauer measurements were performed by a 57Fe-Mössbauer spectroscopy 
(Austin S-600).  The Mössbauer source used in this study consists of 57Co embedded 
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in a copper lattice. The velocities of the source were chosen to vary from –12 to +12 
mm/s. The data were collected for two days to obtain sufficient counts of the peaks of 
the spectrum. 
The microstructure of the sample was studied by a Field Emission Scanning 
Electron Microscope (SEM Philips XL 30 FEG) and an Energy Dispersive X-ray 
Spectrometry (EDX) determined the composition of the resultant powder. Thermal 
analysis was carried out by a Differential Scanning Calorimetry (DSC) and a 
Thermogravimetric Analysis (TGA) at a heating rate of 10°C/min. Magnetic 
properties of the pressed isotropic cylinder specimens were measured by a Vibrating 
Sample Magnetometer (VSM Oxford Instruments) with a maximum applied field of 
90 kOe at room temperature.   
 
2.3 Measurement results  
2.3.1 Magnetic properties 
Fig 2.2 shows the room-temperature hysteresis loops of Al-BaM and BaM 
compacted powders prepared by mechanical milling method at TA of 1100ºC, for 
fields applied parallel to the plane of the sample. Since powder samples are isotropic, 
usually the hysteresis loops measured with the field applied in two directions (in 
parallel and perpendicular to the plane of the films) are identical. The BaM sample 
shows a coercivity of 4.5 kOe and a saturation of 62.1 emu/g, while a coercivity of 9.3 
kOe and a saturation of 36.6 emu/g were possessed by the Al-BaM sample. The 
results seem to reflect that adding Al to BaM may increase its coercivity and in the 
meanwhile decrease its Ms. Magnetic properties of BaM and Al-BaM samples are 
summarized in Table 2-2. 
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Fig 2.3 shows the coercivity as a function of the annealing temperature.  A 
high coercivity up to 9.3 kOe was achieved after substituting Al for Fe in barium 
ferrite by mechanical milling method. Using co-precipitation method, a coercivity as  

























Fig. 2-2 Hysteresis loops of BaFe12O19 (BaM) and ball-milled BaAl2Fe10O19 (Al-BaM) with 
subsequent heat-treatment at 1100oC for 1 hour. 
 
 
Table 2-2: Comparison of coercivity and saturation magnetization for both pure and Al doped 
barium ferrite prepared by different methods. 
 
 
HC (kOe) MS (emu/g) TA  (OC) 
BaM Al-BaM Al-BaM BaM Al-BaM Al-BaM
methods ball milling ball milling Coprecipi-
tation 




700 5.25 0.19 0.113 23.75 1.40 4.44
800 5.65 0.30 1.69 56.68 1.50 15.8
900 5.53 6.32 3.58 59.29 21.80 33.33
1000 5.29 8.77 3.68 61.33 44.10 32.10
1100 4.45 9.23 6.80 62.12 36.60 26.71
1200 3.36 8.16 8.40 63.07 34.10 30.14
1300 ------ 5.08 7.09 ------ 33.03 35.27
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high as 8.4kOe was obtained. For BaM without Al substitution, the coercivity was in 
the range of 5-6 kOe. The results seem to reconfirm that the coercivity of barium 
ferrite is increased through substituting Al for Fe in barium ferrite. This coercivity 
enhancement effect may be useful in the future barium ferrite applications.  
Fig. 2-4 shows the room temperature saturation magnetization of barium 
ferrite with and without Al substitution, respectively. For pure barium ferrite, low 
magnetization at 700ºC was found, implying that Ba-ferrite phase has not formed yet. 
Ms reaches 57 emu/g after annealing at 800ºC and then increases slowly to 63 emu/g 
after annealing at 1200ºC.  This result indicates that the formation of Ba-ferrite is 
more than 90% complete at 800ºC.  The small increase of Ms with increasing 
temperature may be due to surface magnetism because of the small particle sizes at 
relatively low temperatures (800-1000ºC) [14-17]. Surface magnetism refers that 
magnetic properties of atoms or moments on surface are different to those of atoms or 
moments in bulk form.  For Ba-ferrite, it has been reported that a dead layer exists, i.e. 
the magnetization of the first surface layers is strongly reduced.  Surface magnetism 
has a larger effect, if the particle size is small. 
For Al doped Ba-ferrite samples prepared by both mechanical milling and co-
precipitation methods, lower values of saturation magnetization were obtained, 
comparing to those of pure BaM. The composition of these samples was estimated by 
EDX with a detection error of 1%, and it was found to be very close to BaFe10Al2O19.  
In the as-milled state and after annealing below the crystallization temperature, 
saturation magnetization less than 20 emu/g was obtained, which suggest that the Ba-
ferrite was not formed at these temperatures. It should be noted that the precipitated 
samples began to crystallize earlier than those ball milled ones.  
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Fig. 2-3 TA dependence of coercivity for BaFe12O19 and BaAl2Fe10O19 prepared by 
mechanical milling and co-precipitation methods. 

































Fig. 2-4 TA dependence of saturation magnetization for BaFe12O19 and BaAl2Fe10O19 prepared 
by mechanical milling and co-precipitation methods. 
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  In the precipitated samples Ms reaches its maximum at TA of 900ºC 
(33.3emu/g), while in the ball-milled samples Ms does at TA of 1000°C (44.1emu/g). 
This indicates the formation of magnetic Ba-ferrite phase. After annealing at 1300ºC, 
Ms was 33 emu/g for the ball-milled samples and 35.3 emu/g for the precipitated 
samples, presenting the formation of the nearly single BaFe10Al2O19 phase. It is 
interesting to note that Ms reaches its maximum in both kinds of samples and then 
decreases with increasing annealing temperature. This is certainly due to the diffusion 
of Al into Ba-ferrite structure, since BaFe10Al2O19 has a lower saturation 
magnetization in comparison with pure BaFe12O19.  
  
2.3.2 Formation of the barium ferrite phase  
Fig. 2-5 shows Scanning Electron Microscopic (SEM) graphs of ball milled 
BaFe10Al2O19 samples after annealing at different temperatures. The as-milled powder 
has a very similar structure to that of the sample annealed at 700ºC.  Small particles 
were observed in the range of 20-50 nm.  The crystalline state of ball milled Al-BaM 
can be achieved at approximately 900°C, which leads to primary crystallization of 
barium ferrite, as confirmed by our XRD results. The resulting microstructure is 
characterized by randomly oriented hexagonal barium ferrite platelets with typical 
grain sizes of 100-500nm, as shown in Fig 2.5.  
It is interesting to note that the precipitated Al-BaM samples begin to 
crystallize 200°C earlier than the ball milled ones, at around 700°C as shown in Fig 
2.6. The resulting microstructure is characterized by platelets with typical grain sizes 
of 500-1000nm. 
Further increase of the annealing temperature above 1300°C, will lead to a 
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 Fig. 2-8 shows the x-ray diffraction patterns (XRD) of BaFe10Al2O19 (Al-BaM) 
prepared by mechanical milling. At TA of 700ºC, low intensity and broad peaks 
indicated the presence of hematite (Fe2O3) and β-Al2O3. The existence of hematite 
phase could also be confirmed by the following Mossbauer spectra Fig. 2-11(b). Ba-
ferrite phase was formed firstly after annealing at 900ºC coexisting with hematite and 
alumna (α- and β-Al2O3). The amount of Ba-ferrite increases with increasing 
annealing temperature. At TA of 1100ºC, Ba-ferrite phase was nearly formed, together 
with the existence of hematite phase. The coexistence of barium ferrite and hematite 
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Fig. 2-8 X-ray diffraction patterns of BaAl2Fe10O19 nanoparticles prepared by mechanical 
milling with subsequent heat-treatment at different temperatures. 
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TA of 1300ºC, the barium ferrite phase was completely formed, along with the 
disappearance of hematite phase. This result concords with the Mossbauer spectra Fig. 
2-11(d) also. 
 

























































Fig 2.9 X-ray diffraction patterns of BaAl2Fe10O19 nanoparticles prepared by coprecipitation 
with subsequent heat treatment at different temperatures. 
 
The XRD patterns of Al doped barium ferrite prepared by co precipitation method is 
similar to those prepared by mechanical milling method, as shown in Fig. 2-9. The Al-
doped barium ferrite (Al-BaM) prepared by co precipitation method can be 
crystallized at approximately 900°C and completely form a barium ferrite phase at 
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above 1300°C. The coexistence of barium ferrite and hematite phase at TA above 
900°C concords with the Al-BaM prepared by mechanical milling methods. This 
hematite phase disappeared at TA of 1300°C. This result is the same as found in the 
mechanical milling methods and can be proved by Mossbauer spectra Fig. 2-11(d) 
also.  β-Al2O3 peaks cannot be traced in our XRD graphs. It is proven that they all 
transformed to a meta-stable α-Al2O3 phase at TA of above 900°C. Usually in bulk 
materials this transformation does not occur until above 1200°C. The reduction of the 
transformation temperature in the present work should be due to the nanocrystalline 
structure [18]. α-Al2O3 peaks with a higher intensity than those in the mechanical 
milled samples can be identified. They do not disappear even at 1300°C. The 
existence of α-Al2O3 may be due to the incomplete diffusion of Al to barium ferrite. 





75.48 wt%  
TGA (from  room  tem perature 
         to 900  in air)癈
DSC (from  room  tem perature to 

















Fig. 2-10 DSC and TGA curves for the BaAl2Fe10O19 as-precipitated powder. 
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Fig. 2-10 shows DSC and TGA results of the co precipitation-derived Al doped 
barium ferrite powder, performed from room temperature to 380°C in nitrogen, and 
from room temperature to 900°C in air, respectively.  BaAl2Fe10O19  hexaferrite phase 
can only be obtained from subsequently heating the as-precipitated, amorphous 
powder of around 900°C, as confirmed by XRD. Assuming the initial powder mixture 
(34.49mg) with a composition Ba(OH)2+2Al(OH)3+10Fe(OH)3, the total weight of 
water molecules in the mixture with a value of 8.459mg can be calculated, 
corresponding to a dehydration temperature of 178.2°C in our TGA results. Both DSC 
and TGA curves show endothermic changes and rapid reduction in weight due to 
desorption of water and ammonia in hydroxides [34]. At around 178°C the mixture 
lost all the water molecules. The continuous loss of weight above 178°C may be due 
to the measurement error. Moreover, under our experimental conditions, DSC 
measurement could only be performed at below 380°C, as a result, we cannot confirm 
the exothermic reaction of crystallization (around 900oC) in DSC curves. 
 
2.3.3 Microstructural characteristics 
Lattice parameter and intrinsic property measurements were evaluated in order 
to determine the local atomic compositions.  
The BaAl2Fe10O19 is known to have an identical crystal structure with pure 
barium ferrite, due to the resemblance of Al3+ ionic radii with that of Fe3+ [12]. The 
fact that the lattice parameters of Al-BaM decrease with the increase of annealing 
temperature confirms the diffusion of Al into the Ba-ferrite structure, because Al3+ has 
smaller radii (0.50Å) than those of Fe3+(0.64Å). The lattice parameters of the sample 
annealed at 900°C are very close to those of pure Ba-ferrite. It suggests that Ba-ferrite 
phase formed at 900ºC might have a composition very close to that of pure BaFe12O19. 
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The Al concentration in the Ba-ferrite phase increases with the increase of temperature. 
After annealing at 1300ºC, a reduction of the unit cell volume was estimated to be 
3.2% in comparison with that of pure Ba-ferrite (BaFe12O19). The crystal lattice 
parameters calculated from XRD patterns were listed in Table 2-3.  
 
  TA (oC) a (Å) c (Å) Unit cell Volume V 
(nm)
Ba-ferrite  Standard  No 5.88 23.2 694.7
Sample 1 900 5.8699(1) 23.191(4) 692.02(2)
Sample 2 1000 5.8655(2) 23.155(2) 689.89(3)
    Al-BaM 
prepared by 
ball milling Sample 3 1100 5.8474(2) 23.033(3) 682.69(3)
 
Table 2-3: Lattice parameters a and c, and the unit cell volume V for the standard Ba-ferrite 
structure and as a function of annealing temperature TA for ball milled Al-BaM samples. 
 
57Fe- Mössbauer spectrum was used to realize phase identification and monitor the 
phase transformation of the iron-containing phases. The Mössbauer effect is named 
after Rudolf L. Mössbauer. He discovered in 1957 that atomic nuclei in solids are able 
to scatter gamma radiation in a way such that the whole atomic lattice takes up the 
recoil energy from the "impact" of the gamma photon - and not the individual nucleus.  
For the practical application of the Mössbauer effect as a spectroscopic 
technique, a radioactive source with a single emission line is moved back and forth 
with a constant acceleration with respect to the sample under investigation. Because of 
the movement the energy of the emitted radiation is shifted by the Doppler effect. 
When the energy of the emitted radiation is coinciding with a possible transition in the 
sample (the absorber), some of the gamma photons may be resonantly absorbed. This 
will result in a reduction of the intensity of radiation as measured with a detector 
behind the absorber (in transmission geometry). The Mössbauer spectrum consists of 
the number of counts measured by the detector versus the velocity of the radioactive 
source.  
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Fig. 2-11 Shows Mössbauer spectra of (a) as-milled Al-BaM sample and ball 
milled samples with subsequent heat-treatment of (b) 700°C, (c) 1100°C and (d) 
1300°C, respectively. The as-milled sample consists of a sextet hematite phase and a 
disordered paramagnetic phase (doublet), which is formed due to the mechanical 
milling itself, as assigned in Fig. (2-11a). The existence of this paramagnetic phase is 
confirmed by many groups when study Mössbauer spectra of doped barium ferrite, 
but the nature of this phase is not clear yet. 
The barium ferrite after phase annealed at 700°C could not be identified. This 
temperature is lower than the fully crystallization temperature which is believed to be 
900°C as mentioned above. The paramagnetic phase around 0mm/s disappeared at this 
temperature along with the precipitation of a new disorder phase that correlates to the 
doping of aluminum, as indicated by a weak absorption peak at  ~ -7mm/s.   
Annealing above the crystallization temperature, for example, 1100°C, will 
result in crystalline of barium ferrite. Its five sublattices, each contributing to a 
magnetic hyperfine sextet, can identify the barium ferrite phase, as illustrated in Fig. 
2-11(c), where the assignment of the sublattices after Wieringen and Rensen [21] was 
adopted. However, this phase is not pure, it contains a minor amount of hematite 
phase. This may be due to the initial composition ratio or the mechanical milling itself, 
in which the contamination of iron from the milling balls and valets will happen. 
Fig. 2-11(d) shows a Mössbauer spectrum of the BaFe10Al2O19 sample 
annealed at 1300ºC for 1 hour.  The relatively narrow lines are direct evidence for that 
doping of Al3+ for Fe3+ retains a unique environment around each Fe3+ site, suggesting 
that these ions are incorporated only at Fe3+ sites with minimal distortion of the 
barium ferrite lattice, as confirmed by our XRD. 
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Fig. 2-11 Mössbauer spectra of BaAl2Fe10O19 (a) as-milled and particles with subsequent heat-
treatment at (b) 700ºC, (c) 1100ºC and (d) 1300ºC for 1 hour. 
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It is well known that Fe3+ occurs in barium ferrite in five distinct 
crystallographic sites, 12k, 2a, 4f2, 4f1, and 2b, in the ratio 6:1:2:2:1, respectively. In 
the magnetically ordered state, the spins of the 12k, 2a and 2b sublattices are aligned 
parallel to the crystallographic c axis whereas the 4f1 and 4f2 spins are oriented 
antiparallel to the former [12].  
 
Fig. 2-12 300k Mössbauer spectra for BaFe12-2xCoxMoxO19 samples at TA = 1200oC. [8] 
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Previous Agresti’s[8,12] Mossbauer study on BaFe12-2xCoxMoxO19 showed that 
the strongest 12k subspectrum in the x=0 spectrum decreases with increasing doping, 
showing a strong preference for the substitution at 12k sites, as shown in Fig 2-12. In 
Agresti’s study, well-resolved Mossbauer spectra were obtained for CoMo-doped 
barium ferrite with variable doping (0-33% Fe). Substitution was observed to occur 
primarily on the 12k site, with little or no lattice distortion. A fitting model using five 
independent components, each a sextet, yielded the magnetic hyperfine field (ionic 
moment) of each site as a function of doping and sample temperature. A 10% 
reduction of the moment on the 2a site was observed upon doping, which results from 
its proximity to the 12k site. Other sextet parameters were generally constant or 
followed monotonic trends.  
In our measurement of Al doped barium ferrite, the Mossbauer spectra is 
similar to Agresti´s results with high doping (at x=0) [8]. From the comparison of 
structural and Mössbauer data of CoMo3+ doped M-type barium ferrite, a reasonable 
correlation among dynamical characteristics of Fe3+ ions and local structure can be 
proposed. Thus, it could be that in our study the Al3+ substitution also occurs at the 
12k sites. More experiments needed in order to confirm this assumption. 
Different studies show that transition metal ions entering into the different 
non-equivalent octahedral sites (12k, 2a, and 4f2) of hexagonal ferrite may give a 
different contribution to anisotropy [28-31]. Lotgering et al. [29] studied the influence 
of Co2+Ti4+ ions on the anisotropy of BaM and suggested that the cause of the change 
of easy direction from c-axis to c plane was attributed to Co2+ ions entering 12k sites. 
The same author [30] also proposed that the difference in magnetic anisotropy of LaM 
from BaM was due to the Fe2+ ions, which preferably occupied the 2a sites of LaM. 
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Liu et al. [31] also found that Ru3+ substitute for Fe3+ in 12k sites may reduce its c-axis 
anisotropy, while entering 2a sites will increase it.  
However, all the substitution ions are transition metal ions in the studies 
mentioned above, where a strong anisotropy can be expected in 3d (Co2+) and 4d ions 
(Ru3+). Their strong octahedral crystal field at the 12k site gives rise to the c plane 
magnetocrystalline anisotropy in barium ferrite. In our case, due to the non-magnetic 
Al substitution, we may propose that the substitution influence on the magnetic 
anisotropy should be different with that of magnetic transition ions. Al substitutions 
for iron at 12k sites, may be equivalent to the reduction of transition metal ion 
moments in these sites. It could be that the occupation of Al3+ ions in the 12k sites 
enhances the c-axis magnetocrystalline anisotropy in barium ferrite. Further study 
needed in order to confirm this assumption. 
Al substitution is known can increase its HA and decrease its Ms [12, 32]. 
Following we will discuss the function of Al to the Ms and HA of barium ferrite. The 
total magnetization per formula unit in barium ferrite can be written as: 
                         )T()T()T(2)T(2)T(6)T(M ab2f1fks σ+σ+σ−σ−σ=  (2.1)  
where various σ denote the magnetization of one Fe3+ ion in each sublattice site.   
Theoretically, the total magnetization per formula unit of BaM would be 20 µB (Bohr 
magnetron) at 0K, after substituting a magnetic moment of Fe3+ of 5µB.  In the case of 
Al3+ ions occupying 12k sites, the total summation of the magnetic moments of each 
unit cell in BaAl2Fe10O19 is:  
)()()(2)(2)(4)( 21 TTTTTTM abffks σσσσσ ++−−=  (2.2) 
The calculated value by assuming µ(Fe3+)= 5µB is Ms (0K) = 5 x (4-2-2+1+1) = 10 µB, 
which is just one half of the theoretical value of pure barium ferrite. This results 
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concord with our experiments data that a saturation value of Al substituted 
BaAl2Fe10O19 samples is less than that of pure BaFe12O19.  
The magnetic anisotropy field of barium ferrite can be given as: 
HA = 2K1/Ms-4πNMs.  (2.3) 
After substitute K1 =3.3 x106erg/cm3, Ms=380 emu/cm3, and N=0.88, HA is12.9kOe 
for a more plate-like shape barium ferrite [22]. The origin of magnetocrystalline 
anisotropy in barium ferrite is very complex. It arises essentially as due to single ion 
anisotropy, classical dipole-dipole interaction, and anisotropic exchange interaction 
etc. [25]. 
After doping of Al, the magnetic anisotropy field HA increases with the 
increase of doping ratio and their relationship can be given as:  













x120H/xH   (2.4) [28]. 
Eq. 2.4 is the plotting equation of the experimental data of the anisotropy field of Al-
BaM and different doping ratio [28]. Where x is the substitution ratio of BaAlxFe12-
xO19 and H(0) is the magnetic anisotropy field of pure barium ferrite. After substitute 
H (0) = 12.9kOe and x=2, we can get a HA of 20.27 kOe, this value is larger than that 
of pure BaM. Thus it concords with the previous study that Al substitution can 
increase its HA [12, 32].   
Finally, at least two methods can be used to optimize magnetic properties of 
Al-BaM in this study. First, we may try to find suitable annealing conditions for Al-
BaM. It is well known that annealing conditions can change the composition of 
crystallites. A separate experiment after prolonged heat treatment at 1200°C of 
different time showed an increase of Al concentration with increasing annealing time. 
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Second, we need to find an optimized substitution ratio of Al to obtain a 
nanocrystalline with high coercivity but not decrease Ms too much.  
 
2.5 Conclusions  
Effect of Al on the magnetic properties (magnetic anisotropy, coercivity, 
saturation magnetization) of barium ferrite was studied in this chapter. Al doped 
barium ferrite (BaFe10Al2O19) particles were prepared by chemical precipitation and 
mechanical milling methods. Ba-ferrite phase began to form after annealing at 900ºC.  
The Ba-ferrite phase formed at 900ºC had lattice parameters that were very close to 
pure BaFe12O19 composition.  The fact that lattice parameters (a and c) decreased with 
increasing annealing temperature, indicates that the BaFe10Al2O19 structure is formed 
by Al diffusion at relatively high temperatures. Al was found to enhance the 
nucleation of the barium ferrite phase. Doping of Al can increase the crystallization 
temperature of barium ferrite phase. 
An advantageous property of high coercivity was found in Al-BaM. The 
mechanical milled Al-BaM sample annealed at 1100ºC possessed a coercivity of 9.3 
kOe. The coercivity was much higher than that of BaM samples with a similar particle 
size without Al substitution.  The SEM results indicated that the increase of coercivity 
was not due to small grain size effect. Al preferentially occupies the 12k sites of Fe3+ 
in barium ferrite, as proposed by our Mössbauer results. Al substitution increases its 
HA and decrease its Ms of barium ferrite. The increase of anisotropy field HA maybe 
due to the non-magnetic Al substitutions for Fe in this site. The major drawback of 
this Al substitution is the lower saturation magnetization. It resulted in a significant 
decrease of saturation magnetization from 60-70 emu/g for pure BaFe12O19 to 30-40 
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emu/g for BaFe10Al2O19. This is expected to resolve by changing the annealing 
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CHAPTE THREE 
In-plane magnetic anisotropy in Al doped BaM thin films 
 
3.1 Introduction 
Barium ferrite (BaM) has been intensively investigated as magnetic recording 
media, because of its high saturation magnetization, large magnetocrystalline 
anisotropy, good chemical stability and mechanical hardness. [1-3] As reported in 
many papers [4-6], deposited BaM thin films can exhibit a perpendicular anisotropy, 
because c-axis of BaM crystallites are preferred to be aligned perpendicular to the film 
plane. These films can possess excellent magnetic properties (coercivity and 
remanence) in the perpendicular direction.  Therefore, they are promising for vertical 
magnetic recording media, and much effort has been made on them. 
However, recent experiments have shown that the Ba-ferrite particles can act 
as longitudinal high-density recording media as well as the perpendicular one due to 
their small demagnetization loss of remanence and the low value of switching field 
distribution [7]. Longitudinal recording media have been successfully achieved by 
deposition on sapphire substrates (Al2O3 crystal) [8,9]. However, the high cost of 
sapphire limits the commercial application of these films. They can also be obtained 
on some buffer layers such as SiN, AlN or Si on a carbon substrate, but lacking a good 
texture [10,11]. It has been reported that good magnetic properties (coercivity of over 
5 kOe and squareness of over 0.8) of barium ferrite thin films can be deposited on an 
Al2O3 buffer layer, and an increase of coercivity to 9 kOe has been achieved when a 
significant amount of Al diffused into the barium ferrite film [8]. Therefore, 
longitudinal recording media may be developed in Al-doped barium ferrite thin films.  
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At least three reasons may contribute to the in-plane anisotropy in Al-doped 
barium ferrite thin films. First, the very nature of the Al-doped barium ferrite 
polycrystalline film with many defects (came about from processing history, i.e. firing 
[19]), grain boundaries and impurity centers, makes it likely that a system of 
microstresses should occur, and these microstresses may give rise to the in-plane 
anisotropy. Second, the directional ordering of atoms due to the diffusion of non-
magnetic interstitial atoms in a magnetic lattice as described by Neel (1954) may be 
important. Third, the stress associated with the film-substrate contact or due to the 
sputtering system itself need consideration. Both stress involving the contact between 
the film and substrate and microstructure such as pair ordering, or directional ordering 
could give rise to this in-plane anisotropy. 
In the present chapter, Al-doped barium ferrite films were prepared by a Direct 
Current (DC) facing-target sputtering system. Post-deposition annealing is used to 
crystallize the as-deposited amorphous films. Their crystallographic and magnetic 
characteristics were studied. The influence of substrate materials has also been 
investigated in this work. 
 
3.2 Sample preparation 
The target was obtained by sintering barium ferrite powder, which was 
prepared by the chemical co-precipitation method [12].  Al2O3 powder was added 
prior to compacting and sintering, which took place at 1300ºC for two hours.  A Direct 
Current (DC) facing-target sputtering system was used. The film with a thickness of 
500 nm was deposited at a deposition rate of ~4Å/min. The substrates used in this 
study were (100) silicon, quartz glass and SiO2/Si (thermally oxidized). The as-
deposited films were annealed at different temperatures (600-1200ºC) for 5 min in air. 
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A Field Emission Scanning Electron Microscope (SEM Philips XL 30 FEG) 
was used to study the microstructure of the thin films. The composition of the 
resultant films was determined by an Energy Dispersive X-ray Spectrometry (EDX). 
X-ray diffraction (Philips XRD system with Cu-Kα radiation) was used to characterize 
the film crystal phase and orientation. All the magnetic properties (saturation 
magnetization, remanence and coercivity) were measured using a Vibrating Sample 
Magnetometer (VSM Oxford Instruments) at room temperature. 
The nominal composition of the target was estimated by EDX, and it was very 
close to that of BaAlFe11O19.  The as-deposited films had an amorphous-like structure, 
as no diffraction peaks was evident in the X-ray diffraction pattern. The composition 
of the sputtered films was estimated from a combination of EDX results and volume 
fraction of different phases in the mixture, which could be calculated from the 
measured saturation magnetization [17]. Volume fraction could be defined as the 
volume of a constituent of a mixture divided by the sum of volumes of all constituents 




3.3.1 Magnetic properties  
Figure 3-1 shows the coercivity values of the barium ferrite films on Si 
substrate as a function of the annealing temperatures TA. Coercivity was measured in 
the film plane and perpendicular to it, as denoted as Hc⎢⎢ and Hc⊥, respectively.  Soft 
magnetic properties were observed for films in the as-deposited state and after 
annealing at a temperature of TA ≤ 850°C, showing that the hard magnetic barium 
ferrite phase had not yet formed in the films.  The as-deposited film and films after 
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annealing at TA ≤ 850°C had relatively high values of saturation magnetization (40-50 
emu/g), indicating the films contained a magnetic phase, which may have a structure 
similar to magnetite (Fe3O4) because of the deposition under argon atmosphere. We 
use SEM to measure the thickness of the cross-sectioned films, which were fixed in a 


















Fig. 3-1  TA dependence of coercivity (Hc) for Al doped barium ferrite on Si substrate. 
 
 
High coercivities were measured for films after annealing at a temperature between 
900 and 1000°C, when the annealing duration was fixed to 5 min. The barium ferrite 
phase started to form after annealing at 900°C, as illustrated in Fig.3-1, where the 
drastic increase of coercive force proved the barium ferrite crystallization from the 
amorphous state. The typical formation condition of pure BaFe12O19 using 
conventional furnaces is 800-850°C for 10 min under 1 atm of O2 [13].  For Al doped 
barium ferrite films, higher annealing temperatures (about 900°C [4]) are required for 
the formation of barium ferrite phase.  The substitution of aluminum leads to an 
increase of the formation temperature for the ferrite phase. 
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At TA =900-950°C, the films were found to display an in-plane magnetic 
anisotropy.  The coercivities of film annealed at 900°C were 3.5 kOe and 2.5 kOe 
measured in the film plane (Hc⎢⎢) and in the perpendicular direction (Hc⊥), 
respectively. Anisotropic barium ferrite (BaM) thin films with higher coercivity and 
remanence in the film plane have been reported in BaFe12O19 films deposited on 
sapphire [8] and other buffer layers [11].  
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Fig. 3-2 An in-plane hysteresis loop of Al doped barium ferrite on Si substrate with post-
annealing at 950°C for 5 min. 
 
An in-plane hysteresis loop of an Al doped BaM film on Si substrate after 
annealing at 950oC was shown in Figure 3-2.  The coercivity reached 3.5 kOe and the 
squareness was 0.69.  The remanence measured in the perpendicular direction was 
much lower in a range of 0.3-0.4.  
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At TA of 1000°C, a trend of reduction of the magnetic anisotropy was 
observed, because there is no significant difference in coercivity taken in the two 
directions (in plane and perpendicular to the film plane), as shown in Fig. 3-1.  At TA 
of 1050°C and above, the coercivity abruptly decreased to near zero. The change of 
magnetic properties of the films may be related to the formation of non-magnetic 
(barium, iron)-silica or SiO2-rich glassy phases [14].  It is probable that non-magnetic 
phases formed at a temperature of 1050°C or above, because of the diffusion of Si into 
the film. 
The saturation magnetization Ms for the films prepared at TA of 900°C and 
950°C was 200 emu/cm3, and increased to 250 emu/cm3 at TA of 1000°C.  These 
values are comparable to those of BaM thin films reported previously [5], but are well 
below that of bulk BaM (350 emu/cm3) [14].  
3.3.2 Microstructure  
Microstructure of the films was studied using a Field Emission SEM.  Five 
micrographs of the films in the as-deposited state and after heat treatment at 800°C, 
900°C, 1000°C and 1200°C respectively are shown in Figure 3-3. In the as-deposited 
film, small fine particles with 20nm in average embedded in an amorphous matrix, as 
shown in Fig.3-3 (a). No significant difference was found in those at TA < 600°C. 
After heat treatment to a higher temperature, a web-shape structure emerged. Fig.3-3 
(b) shows a film annealed at 800°C, which was lower than the formation temperature 
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Fig. 3-3 SEM micrographs of Al doped barium ferrite thin films on Si substrate (a) in the as-
deposited state and with post-annealing for 5 min. at (b) 800°C (c) 900°C (d) 1000°C and (e) 
1200°C, respectively 
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After annealing at 900°C, barium ferrite platelets began to form with a dimension of 
about 100nm. Particles forming chain-like structures could be clearly observed, as 
shown in Fig.3-3(c). Particle size increased at TA of 1000°C, as shown in Fig.3-3 (d).  
At TA of 1200°C, grain size grew intensively. Large and uniaxial crystals were shown, 
and the web-shape structure disappeared, as shown in Fig.3-3 (e). The magnetic 
anisotropy could be associated with this web-similar structure. The obtained small 
particles of around 100 nm At TA of 900°C should be satisfied to the requirement for 
high-density recording of the reduction of the magnetic particles so as to reduce the 
media noise. 
The possible presence of film texture was studied by x-ray diffraction 
measurements. However, no high-quality XRD diffraction was obtained in this work, 
because the X-ray diffractometer uses a Cu radiation source, which is not suitable for 
Fe-containing materials, especially for Fe-containing thin films.  
 
3.4 Discussion 
Two major categories of crystal structures in barium ferrite: i.e. both c-axis 
perpendicular to the film plane and c-axis in film plane, are shown in Fig. 3-5.  
It is already known that Al3+ ions can substitute for Fe3+ in barium ferrite at 
any ratio without changing the crystal structure [24]. Rensen at al. [25] believed that 
Al first occupies 2a then 12k sites based on previous results and his Mössbauer 
studies.  Moreover, different studies show that transition metal ions entering into the 
different non-equivalent octahedral sites (12k, 2a, and 4f2) of hexagonal ferrite may 
give a different contribution to anisotropy [26-28]. Lotgering et al. [27] proposed that 
the difference in magnetic anisotropy of LaM from BaM was due to the Fe2+ ions, 
which preferably occupied the 2a sites of LaM. Liu et al. [28] also found that Ru3+ 
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substitute for Fe3+ in 12k sites may reduce its c-axis anisotropy, while entering 2a sites 
will increase it.  
The cause of the change of Al doped BaM thin film easy direction from c-axis 
to c plane is not clear yet. It maybe related to Al3+ ions entering certain sites. No 
conclusion could be reached currently, and further experiments required in order to in-
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Fig. 3-4 Schematic drawing of the formation of grain geometry with two distinctive c-axis 
orientations. 
To further study the effect of Al on the magnetic anisotropy of barium ferrite, 
we deposit Al-BaM films on different substrates including (100) silicon wafer, quartz 
glass and thermally oxidized silicon (SiO2/Si). All the samples were annealed at 
TA=930°C. At this temperature the magnetic anisotropy was expected to be the 
                                43
 
CHAPTER 3                                              IN-PLANE ANISOTROPY IN Al-BaM THIN FILMS 
highest as measured on silicon wafer. Based on the measured coercivity values, we 
can only find the in-plain anisotropy on Si substrate. While on SiO2/Si substrate, the 
anisotropy in films was found significantly reduced, no more than 0.6kOe. On quartz 
substrate, the coercivity in both directions is near zero. Other relevant studies show 
that, Ba-ferrite films exhibit isotropic magnetic property on thermally oxidized Si 
wafers (SiO2/Si) [22].  In addition, the preferential orientation of BaM crystallite was 
not observed on thermally oxidized Si wafers (SiO2/ Si), Si and quartz glass [18]. The 
reason why the films deposited on these substrates have no magnetic anisotropy is not 
yet clear, but it seems to prove that the in-plane anisotropy in our study is due to the 
Al itself rather than the influence of substrate.   
 
3.5 Conclusion 
Structure and magnetic properties of Al-doped Barium Ferrite films were 
studied in this work.  Thin films with a thickness of 500 nm were deposited onto 
various substrates using a DC face target sputtering system at room temperature.  The 
formation of the Al-doped barium ferrite phase (Al-BaM) required a post-annealing 
process at a temperature of TA > 900°C.  Films deposited on silicon wafer exhibited 
magnetic anisotropy. For the film annealed at 950°C, coercivity measured in the film 
plane was 3.5 kOe, while 2.5 kOe was measured in the perpendicular direction. The 
anisotropy was associated with a web-shape structure under Field Emission SEM.  X-
ray diffraction study suggested that c-axes were dominantly laid in the film plane.  
Annealing at higher temperature led to grain growth and strong reduction of the 
magnetic anisotropy.  A further increase of annealing temperature resulted in 
formation of non-magnetic phases. When the film was deposited on SiO2/Si substrate, 
the magnetic anisotropy was significantly reduced. No magnetic anisotropy was 
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evident, if the film was deposited on quartz substrate.  This work has shown, that the 
Al-BaM films on (001) silicon wafer can possess an in-plain coercivity Hc// of about 
3.5kOe and a remanence squareness equal to 0.69 can be prepared.  These properties 
may be interested for future magnetic recording applications, since the obtained small 
particle size of around 100 nm can ensure a low noisy level. 
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CHAPTE FOUR 
Magnetic anisotropy in sputtered nickel thin films 
 
4.1 Introduction 
Ferromagnetic metal thin films (Fe, Co, Ni, etc.) and their alloys have been 
intensively investigated due to their considerable fundamental and technology 
importance, e.g., a significant potential for the magnetic recording application [1-3]. 
The magnetic anisotropy properties of nickel thin films on various substrates have 
been widely studied. Many of them have a simple uniaxial in-plane anisotropy, that is, 
having only one easy axis in plain of the film [4]. In nickel (100) films on the (100) 
face of rock-salt crystals, a uniaxial in-plane anisotropy of about 1.5x104 ergs/cm3, and 
a cubic anisotropy with K1 = -45x103 ergs/cm3 close to the value of bulk nickel, was 
reported by Boyd [5]. In the case of nickel (100) grown on single crystals of copper 
formed on a rock-salt base, the uniaxial in-plane anisotropy was found by Anderson 
[6] to decrease with increasing thickness and become zero at about 320Å. In addition, 
Takahashi et al. [7] found a field dependent anisotropy, whose direction would change 
with respect to the external field. Models involving stress relaxing, inhomogeneous 
alloys with anisotropy centers and antiferromagnetic interactions of NiO were used to 
try to explain this movable uniaxial in-plane anisotropy, but not sufficient. 
The origin of magnetic anisotropy of 3d ferromagnetic materials was proposed 
to be the spin-orbit interaction by Vleck [2] more than 50 years ago. Still today, the 
theoretical understanding of the magnetic anisotropy in realistic systems remains a 
great challenge, because it is necessary to know precise detail in both the electronic 
structure and the total energy.  
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Some causes that will change Ku must be taken into account. Preparation 
parameters such as the microstructure of the films, the stress in the film and the 
amount of gas absorbed in the film will influence Ku. In addition, the effect of 
substrate bias and Ar sputtering pressure are also very important. Moreover, a 
columnar structure appears in thin films were expected to contribute to the 
perpendicular anisotropy and has been reported in a number of publications [9-11]. 
The columnar structure is believed to be dependent on the film deposition condition, 
film thickness, substrate and other factors, and a model suggested by Bernstein [8] can 
successfully reproduce the magnitude of this perpendicular anisotropy. However, 
since this microstructure is not present in all films with a perpendicular anisotropy, the 
relationship between the film topography and the magnetic properties is still not fully 
understood. 
In this chapter, we have deposited nickel films on silicon wafer with a native 
layer of silicon oxide. The reason we choose native oxide as substrate is that on nickel 
films with this substrate, hybrid ferromagnetic-semiconductor structures were found. 
Hybrid ferromagnetic-semiconductor structures may have a significant potential in 
electronic devices [12]. The dependence of magnetic properties was studied on 
microstructure for the ferromagnetic-semiconductor films.   
4.2 Experimental  
       Films were sputtered on (100) silicon wafers using a magnetron sputtering 
system. The surface of the silicon wafers were covered a thin layer of native 
amorphous silicon oxide [13]. The sputtering time was varied in order to obtain films 
with different thickness in the range of 45 to 500 nm.  
Atomic Force Microscopy (AFM SHIMADZU SPM-9500J) and Transmission 
Electron Microscopy (TEM JEOL 100CX) were used for the structural 
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characterization. X-ray diffraction (Philips XRD system with Cu-Kα radiation) was 
used to identify the crystallographic phases and textures in the films.  All the magnetic 
properties were measured using a Vibrating Sample Magnetometer (VSM Oxford 
Instruments) at room temperature.  The Scherrer method was used for estimation of 
the grain size. The film thickness was determined by AFM detection. First we cut the 
film till the substrate, then we measure the concave height of the film till the substrate, 
thus we will know the thickness of the film. We used also magnetic measurement to 
double check the results we obtained from AFM. The magnetic parameters we choose 
are theoretical magnetization of 484 emu/cm3 and a mass density of 8.91 g/cm3 for 
pure Ni. Then we learned that the error of the AFM detection is a couple of nm. 
4.3 Measurement results 


















Fig. 4-1 X-ray diffraction patterns of films with different thickness (78 nm, 123 nm and ∼500 
nm respectively). 
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Fig.4-1 shows several x-ray diffraction patterns of the films with different thickness.  
A few small diffraction peaks indicated the presence of a small amount of nickel oxide 
(Fig. 4-1), probably due to surface oxidation in air after sputtering. The XRD results 
revealed that the films had a single FCC structure. Using  
B = 0.97/Dcosθ  (4.1),  
a grain size of ∼15 nm from the line broadening of the (111) peak for all the films was 
calculated. The strain broadening [18] of the diffraction lines was not considered in 
this thesis. The fact that the grain size calculated from the (200) and (220) peaks 
significantly smaller (8-10 nm) for all the films indicates a possible elongated shape of 
the Ni grains.  Chow et al [16] have reported that a (111) texture and elongated grain 
shape was present in the Ni-Co films prepared by polyol solution deposition.  
 
                                 Fig. 4-2 An AFM graph of the film with a thickness of 45 nm. 
An AFM topographic image of the film with a thickness of 45 nm is shown in Fig. 4-
2.  The surface of the film was relatively even.  Only in the image with a large 
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magnification, low altitude humps were visible.  This result indicates that the film 
formed in the initial stage was continuous and relatively smooth. 
Fig. 4-3 shows the topographic AFM pictures of the Ni film with a thickness 
of 78 nm in a lower magnification (a) and an enlarged scale (b).  In Fig. 4-3a, there are 
several relatively large and isolated islands.  Most islands are of a width of 1000-2000 
nm with a height of 20-40 nm.  In an enlarged picture of the structure between islands 
(Fig. 4-3b), it can be seen that the surface is uneven and many small columns are 
present.  It can be concluded, that a mixture of small columns and relatively big 
islands covers the surface of the film with a thickness of 78nm.  




Fig. 4-3 AFM graphs of the film with a thickness of 78 nm with low (a) and high (b) 
magnifications respectively. 
 
In order to study the microstructural detail of the film with a thickness of 78 nm, a 
TEM examination was performed.  Fig. 4-4a shows the surface structure under TEM. 
Relatively larger grains were observed maybe due to different observation direction. 
Fig. 4-4b shows the cross section of the nickel film.  A columnar structure is present 
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on the top of the film, while a continuous and uniform structure is seen on the bottom 
of the film.  The columns on the top have a length of 20-40 nm and a width of 15-20 
nm.  A layer with light contrast with a thickness of approximately 10 nm covers the Ni 
film.  This layer is probably an oxide layer, which may be formed due to oxidation in 
air after sputtering.  The presence of nickel oxide was confirmed in the XRD patterns 





                                          (b) 30nm         
                  ⎯⎯⎯⎯ 
Fig. 4-4 TEM micrographs of the surface (a) and cross section (b) for the film with a thickness 
of 78 nm. 
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Fig. 4-5 is the AFM micrograph of the film with a thickness of 123 nm.  The number 
of the relatively big islands is much higher than that in the 78-nm film (Fig. 4-3).  The 
film surface is nearly fully covered with islands, which have a width of 1000-2000 nm 
and a height of 20-40 nm. Fig. 4-6 shows the AFM pictures of the film with a 
thickness of ∼500 nm.  The number of islands was reduced significantly.  Between the 
islands, the surface became relatively smooth, as shown in Fig. 4-6b.    
                    
Fig. 4-5 AFM graph of the film with a thickness of 123 nm. 
From the XRD, TEM and AFM measurements, the nickel film formed on the (100) 
silicon wafer was initially a continuous and relatively uniform layer at the first 20-30 
nm, as shown the TEM cross section image (Fig. 4-4b).  A columnar structure was 
observed in thicker films.  The initially formed columns were separated as shown in 
Fig.4-4b. Isolated islands were found in the film with a thickness of 78 nm.  The 123-
nm film was nearly fully covered with these islands.  On the surface of the film with a 
thickness of ∼500 nm, the number of islands was strongly reduced and the areas 
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between islands became relatively smooth. With a further increase of the film 
thickness, the surface of the film became relatively smooth. Similar growth 
mechanisms have been discussed in other publications [9, 13-15].  
                                 (a)                                                  
                     
                         (b) 
    
Fig. 4-6 AFM graphs of the film with a thickness of ∼500 nm with   low  (a) and high  (b) 
magnifications   respectively. 
 
4.3.2 Magnetic properties  
The thickness and coercivity of different nickel films studied in this work were 
tabulated in Table 4-1. The thickness in the first column was estimated from the 
combination of AFM detection and magnetic measurements with the saturation 
magnetization of 484 Gauss for pure nickel.  The thickness values were well agreed 
with our TEM examination, as shown in Fig. 4-4b.  The thickness of the thickest film 
(as indicated with ∼500 nm in Table 4-1) was not uniform, probably due to presence 
of oxide surface layer or non-uniformity in the film growth during the sputtering.  The 
thickness was estimated by the AFM measurements to be ∼500 nm. 
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The film with a thickness of 45 nm exhibited a magnetic anisotropy, as the 
coercivity measured in the perpendicular direction was much higher than that 
measured in the film plane (Table 4-1).  Higher coercivity values were measured at the 
thickness of 78 nm, as confirmed by the hysteresis loop in Fig.4-7(a)  The coercivity 
was 806 Oe measured in the perpendicular direction and 349 Oe measured in the film 
plane. The high coercivity may be interesting for magnetic recording and other 
applications. 
Table 4-1:  Samples studied in this work with thickness t, coercivity measured in the film 
plane (Hc,//) and measured perpendicular to the film plane (Hc,⊥): 
 
Sample t (nm) Hc,// (Oe) Hc,⊥ (Oe)
Sample 1 45 116 347
Sample 2 78 349 806
Sample 3 123 209 143
Sample 4 ∼500 231 115
 
When the film was increased to 123 nm, coercivities in the both directions decreased.  
The film with a thickness of ∼500 nm not only had much lower values of coercivity, 
the film possessed a planar anisotropy since the coercivity measured in the film plane 
was higher than the coercivity measured in the perpendicular direction.  
Fig. 4-7 shows hysteresis loops taken in the parallel and perpendicular 
direction to the film plane for the film with a thickness of 78 nm and ∼500 nm. From 
Fig. 4-7(a), we could clearly see the 78nm film is of in-plane anisotropy. Since the 
smaller area of the loop, the smaller the energy, the more stable the status. Currently 
the area of the in-plane hysterisis loop is smaller than that of perpendicular. Thus it 
indicates that the easy-axis in the 78nm thick films to be in-plane. Fig.4-7(a) also 
shows the large perpendicular coercivity in 78nm thick films. For the film with a 
thickness of ∼500 nm, the magnetic hysteresis loops in Fig. 4-7b were typical for 
continuous films, showing relatively low values of coercivity and planar anisotropy.    
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Therefore, the columns in the 78-nm films (with a typical sizes of 10-20 nm in 
width and 20-30 nm in height (Fig. 4-4b) ) do not seem to play any role in the in-plane 




























Fig. 4-7    Hysteresis loops taken in the parallel and perpendicular to the film plane for the 
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4.4 Theoretical anisotropy field of nickel thin films 
 
Columnar structure leads to a high shape anisotropy. Assuming the shape 
anisotropy is the major source of magnetic anisotropy, the theoretical anisotropy field 
can be evaluated from the columnar structure.  
In the case of a cylinder with different shape factor k (k is the length-to-width 
ratio of the cylinder), we have the “parallel” demagnetization factor Nc, for the 
direction parallel to the axis of revolution and two “perpendicular” demagnetization 





Fig. 4-8 Demagnetizing fa
 
Using                                              ++ ba NNN
and                                               1(ba NN ==
,  we can get various Nc and Na for cylinders of
The shape anisotropy energy of the cylin
                                   E = 8π2(Na-Nc)Ms
Therefore the theoretical anisotropy field for a 
                                    HA = 4π(Na-Nc)M
After substituted by various Nc and N
emu/cm3 for nickel, the theoretical anisotropy 
listed in Table 4-2. k (=c/a) dependence of 
illustrated in Fig. 4-9. In the case of k=0,
a 
b  c
ctors of cylinder magnets. 
1=c  (4.2) 
2/)cN−  (4.3) 
 various shape and list in Table 4-2.  
der can be expressed as: 
2  (4.4). 
columnar structure would be: 
s (4.5) 
a listed in Table 4-2 and Ms = 484 
field of cylinders can be evaluated, and 
theoretical anisotropy field HA is also 
 the negative value of HA means the 
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anisotropy field in this circumstances lies in the plane perpendicular to the c-axis of 
the cylinder.  
Table 4-2 summarizes the demagnetizing factors for cylinders with different k 
and the anisotropy field calculated using equation (4.5): 
Table 4-2 Demagnetizing factor and anisotropy field for cylinders as a function of shape 
factor k. 
 
k Nc Na = Nb= (1-Nc) /2 HA (kOe)
0 1 0 -6.0821234
1 0.27 0.3650000 0.5778017
2 0.14 0.4300000 1.7638158
5 0.04 0.4800000 2.6761343
10 0.0172 0.4914000 2.8841429
20 0.00517 0.4974150 2.9938948
50 0.00129 0.4993550 3.0292928
100 0.00036 0.4998200 3.0377773
200 0.000090 0.4999550 3.0402406
500 0.000014 0.4999930 3.040934
1000 0.0000036 0.4999982 3.0410288
2000 0.0000009 0.4999996 3.0410535
 




































       
Fig. 4-9 Variation of theoretical anisotropy field (Nickel) with shape factor k. 
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4.5 Discussion  
Based on the height/width ratios in the range of 1.5-2, an axial 
demagnetization factor of 0.2 [17] may be appropriate for the columns in Fig. 4-4b.  
Using the demagnetization factor of 0.2 and the theoretical saturation of 484 emu/cm3 
for pure nickel, a magnetic anisotropy field is estimated to be 1.2 kOe using eq. (4.5). 
However, in this nickel thin films the shape anisotropy seems not be the major source 
of magnetic anisotropy. Magnetostatic interaction between the columns in the parallel 
direction is surely expected to occur. The parallel anisotropy energy larger than the 
perpendicular one will result in in-plane anisotropy in 78nm nickel thin films as 
shown by Fig. 4-7.  
In addition, film stress is normally another source of magnetic anisotropy. A 
compressive stress bewteen the film and the substrate is expected to happen, thus may 
influent the magnetic anisotropy of the nickel thin films. No conclusion could be made 
about the attribution of the stress to the magnetic anisotropy of the nickel thin films, 
since more experiments needed in the future. 
 
4.6 Summary 
Nickel films with different thickness were deposited on (100) silicon wafer.  
The microstructures of the films were studied using XRD, TEM and AFM.  These 
studies have shown that the deposited Ni film in the initial stage was a continuous and 
relatively smooth layer.  A columnar structure was observed at the thickness of 78 nm.  
A further increase in thickness led to formation of a continuous film. 
A magnetic anisotropy was observed in the film with a thickness of 45 nm, as 
the coercivity measured perpendicular to the film plane was much higher than that 
measured in the film plane.  A significant increase in the magnetic anisotropy and 
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coercivity was found at the thickness of 78 nm.  This was probably due to the 
completion of the formation of the columnar structure.  A further increase in film 
thickness resulted in a strong decrease in coercivity, associating with the formation of 
relatively large islands.  The film with a thickness of ∼500 nm possessed low 
coercivity values and the anisotropy changed to planar, as expected by a continuous 
layer.  It is to note that the mechanism of the resulting magnetic anisotropy is complex 
and film stress may be involved.  The relationship between the microstructure and 
magnetic anisotropy needs to be further investigated. 
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CHAPTER FIVE 
Magnetic anisotropy in SiO2 doped cobalt ferrite thin films 
 
5.1 Introduction 
Cobalt ferrite thin films are widely considered as the promising candidates for 
high-density magneto-optical (MO) information storage [1-4]. Especially, their 
perpendicular anisotropy facilitates the achievement of data readout by the rotation of 
polarization of low power laser light via the Kerr effect, and writing by heating a 
small spot on the film with a higher power laser. They are superior to other kinds of 
magneto-optic (MO) media, such as current commercialized rare-earth-transition 
metals (RE-TM) amorphous thin films (GdTb-Fe, Tb-FeCo, Dy-FeCo [12]), in their 
large magnetic anisotropy, high insulating magnetostriction [4], large Faraday effect 
in visible wavelength range, and high chemical stabilities [5]. Cobalt ferrite has an 
appropriate level of saturation magnetization (425 emu/cm3), and a high coercivity 
(5400Oe) [9]. Thus, they supply an alternative approach to many applications, 
especially the magneto-optical recording. 
Cobalt ferrite has the so-called inverse spinel structure, with large oxygen ions 
packing closely in a face-centered cubic arrangement, and smaller metal ions in the 
interstice. The surroundings are of two kinds. One is a tetrahedral (A) site, located at 
the center of a tetrahedron whose corners are occupied by oxygen ions. The other is an 
octahedral (B) site, because the oxygen ions around it occupy the corners of an 
octahedron. The crystallographic environments of A and B sites are therefore 
distinctly different. One-half of Fe3+ ions in cobalt ferrite occupy A sites and the rest, 
together with Co2+ ions, occupy on B sites at room temperature. However, the 
available sites are not fully occupied by metal ions. Only one-eighth of the A sites and 
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one-half of the B sites are occupied. This results in the different cation distribution in 






Metal ion in 
tetrahedral site 
 
Metal ion in 
octahedral site 
 
Fig. 5-1 Schematic drawing of the crystal structure of cobalt ferrite (CoFe2O4). 
 
Cobalt ferrite exhibits ferrimagnetism. The magnetic structure of cobalt ferrite is that 
A (tetrahedral) moments parallel to one another and antiparallel to the B (octahedral) 
moments. The directions of these moments are all parallel to the cube edge direction 
<100>. Therefore the moments of the Fe3+ ions are alleviated, and the net moment is 
simply that of the Co2+ ion, as shown in Table 5-1. 
 
Table 5-1 Ion distribution and net moment per unit cell of Cobalt ferrite. 
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  For their magnetic anisotropy, both magnetocrystalline and stress-induced 
anisotropy may have large contributions, while the shape and grain microstructure 
have contribution also. The first order magnetocrystalline anisotropy constant (K1) of 
cobalt ferrite is +20x 105 ergs/cm3, an order of magnitude larger than other spinel 
structure ferrites, showing a high magnetocrystalline anisotropy in this material. The 
magnetostriction λs = -110x 10-6 is also more than one order of magnitude larger than 
that of the other spinel structure ferrites, indicating that the stress anisotropy cannot be 
neglected. Tachiki [11] has given the theoretical prediction of the magnetic anisotropy 
of CoxFe3-xO4 for x up to 1.  
Recently, interests focus on developing novel nanocrystalline cobalt ferrite thin 
films with properties far from those of the bulk. By tailoring the particles’ size, shape, 
or even the matrix, which support and separate them, the magnetic behavior of the 
cobalt ferrite thin films can be changed drastically. For example, adding SiO2 to cobalt 
ferrite crystal structure through ball milling results in a perpendicular magnetic 
anisotropy and increase of the coercivity [6]. The mechanism of how SiO2 is 
incorporated into the crystal structure is still under investigation by our group. Due to 
the large magnetostriction effect of cobalt ferrite, the additive substitution will 
increase the stress between the film and the additive to a large degree. A deformed 
simple cubic lattice was described by Chikazumi [19], and a similar magnetostriction 
study on the doped Manganates has also been performed by O’ Donnell [20]. 
In this chapter, in order to study magnetic anisotropy, we sputtered both pure 
and SiO2 doped CoxFe3-xO4 thin films onto different substrates. Their structural and 
magnetic behavior were compared with each other as well as the effects of substrates. 
The origins of the magnetic anisotropy of this kind of thin films have also been 
investigated. 
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5.2 Sample preparation 
The target was obtained by sintering cobalt ferrite powder, which was prepared 
by the chemical co-precipitation method. 4.5-wt% amorphous SiO2 powder was added 
prior to compacting and sintering. At this wt% we expect an optimum property in 
cobalt ferrite, as prepared by mechanical milling method previously by our group [6]. 
A die with a diameter of 60 mm was used for compaction. The compacted disc 
followed by sintering at the optimum conditions, which is at 1350ºC for two hours, for 
several times. Then the sintered cobalt ferrite target was polished to obtain a desirable 
dimension and smooth surface. 
Pure and SiO2 doped cobalt ferrite thin films were then synthesized using a 
magnetron sputtering system. Thin films were deposited on both the native oxidized 
silicon and sapphire substrate. The thickness of the films is around 100nm. A Field 
Emission Scanning Electron Microscope (SEM Philips XL 30 FEG) was used to study 
the microstructure of the thin films. The composition of the resultant films was 
determined by an Energy Dispersive X-ray Spectrometry (EDX).  X-ray diffraction 
(Philips XRD system with Cu-Kα radiation) was used to characterize the film crystal 
phase and orientation.  All the magnetic properties (saturation magnetization, 
remanence and coercivity) were measured using a Vibrating Sample Magnetometer 
(VSM Oxford Instruments) at room temperature. 
 
5.3 Measurement results 
5.3.1 Structure and surface morphology  
The spinel-phase formation of both pure CoFe2O4 (CF) and SiO2 doped 
CoFe2O4 (CS) nanocrystalline films was characterized by XRD determinations. Fig. 5-
2 shows the XRD patterns for both CF and CS thin films after a post-annealing at 
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1100ºC for half an hour. A cubit spinel structure of CoFe2O4 could be identified in 
both films. A few small diffraction peaks of hematite could also be identified, 
probably due to the initial composition of the sputtering system. The silica present in 
the composite may be related to the low angle (near 20oC) hump in the XRD patterns. 
















































Fig. 5-2 X-ray diffraction patterns for both pu
a post-annealing at 1













re and SiO2 doped cobalt ferrite thin films after 
100ºC for half an hour. 
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(a) As-deposited Cobalt ferrite 
 
   (b) As-deposited SiO2 doped Cobalt  
         ferrite 
 
(d) SiO2 doped Cobalt ferrite annealed  
      at 1100oC 





Fig. 5-3: AFM graphs of (a) Cobalt ferrite (b) SiO2 doped cobalt ferrite in the as-deposited
state 
and ( c) Cobalt ferrite (d) SiO2 doped cobalt ferrite annealed at 1100oC for 30 min, 
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 Surface morphology of CF and CS thin films was investigated by both atomic 
force microscopy (AFM) and SEM. Fig. 5-3 displays an AFM image of the surface 
topography of CF and CS thin films on native oxide silicon layer. It is clearly shown 
that the CF as-deposited samples consist of gains with small size (20-30nm). CS as-
deposited films have a grain size nearly one half (10-15nm) of the CF ones. When 
annealed at a higher temperature such as 1100ºC, both CF and CS films presented an 
increased grain size. Silica doped co-ferrite has a smaller grain size than non-doped 
one. Consequently, for MO recording applications, doping silica to cobalt ferrite will 
be beneficial to decrease the media noise and increase the storage density.  
5.3.2 Magnetic measurement 
Magnetic properties were investigated by applying a magnetic field both in 
parallel and perpendicular to the plane of the films. Fig. 5-4 and Fig.5-5 show the 
room-temperature hysteresis loops of CF and CS thin films after a post-annealing at 
1100ºC for half an hour, respectively, with the fields applied in two directions. No 
significant magnetic anisotropy was observed in CF films, for the in-plane and 
perpendicular coercivities of the CF films take the close value of about 2.7kOe. In CS 
films annealed at 1100ºC, a perpendicular magnetic anisotropy occurred, as shown in 
Fig. 5-5. This large magnetic anisotropy and high coercivity may be interesting for 
future MO applications. 
Coercivity values of CF and CS thin films as a function of the annealing 
temperature TA are shown in Figure 5-6. For CF films, the coercivities strongly 
depend on the annealing temperature rather than on field-applied directions. They 
increase suddenly at TA of 700ºC, and then decrease as TA increases. A small amount 
of planar magnetic anisotropy can be identified at TA around 700ºC, while at other 
annealing temperatures the films are magnetic isotropy. Other groups [13] also found 
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Fig.5-4 Hysteresis loops taken in the parallel and perpendicular to the film plane for 




























Fig. 5-5 Hysteresis loops taken in the parallel and perpendicular to the film plane for 
the SiO2 doped cobalt ferrite film with a heat treatment of 1100ºC for half an hour. 
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the isotropy in pure co-ferrite thin films. The possible explanation is that CF thin films 
were grown without any preferred growth direction, i.e. easy axes of the CF films 
were randomly oriented [13].  
The coercivities of CS films increase with increasing TA, and reach their 
maximum at TA of 1000ºC, then go down when further increase of TA.  A large 
perpendicular coercivity is reached in CF thin films annealed at 1000°C. The 
coercivity value measured perpendicular to the film plane was 4.74kOe, while the 
value of parallel to the film plane was 3.34kOe. Table 5-2 summarizes the coercivity 
values for both CF and CS films. The Hperp value for 1300oC a bit larger than that of 
1200oC for CoSi-ferrite samples is due to the measurements error in our experiments.  
 








500 0.01(1) 0 0.5(4) 0
700 4.9(3) 4.49(5) 1.35(2) 1.31(4)
900 3.67(4) 3.49(2) 1.63(1) 1.88(2)
1000 3.37(2) 3.35(3) 3.34(7) 4.74(4)
1100 2.73(7) 2.64(1) 3.17(2) 3.24(1)
1200 1.23(5) 1.4(4) 1.8(3) 1.28(3)
1300 0.95(2) 0.89(8) 0.9(3) 1.35(6)
  
Table 5-2: Summary of coercivity values for CF and CS thin films annealing at different 
temperatures  
 
Figure 5-7 is a plot of perpendicular Ms versus annealing temperature for the 
comparison of CF and CS thin films. The saturation magnetization of both CF and CS 
thin films increases with TA. The saturation magnetization of CF films (378 emu/g) is 
close to that of bulk ones (425emu/g). Doping of SiO2 to cobalt ferrite can decrease 
Ms with a value of 50%-70% of that of pure cobalt ferrite, at TA of above 900°C. The 
existence of nonmagnetic silica and antiferromagnetic hematite (αFe2O3) in CS films 
will result the reduction of saturation magnetization.   
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Fig. 5-6 TA dependence of coercivity taken in the parallel and perpendicular to the film plane 























Annealing Temperature Ta (
oC)
 
Fig. 5-7 TA dependence of saturation magnetization for pure and SiO2 doped cobalt ferrite 
thin films. 
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Fig. 5-8 TA dependence of Mr/Ms ratio taken perpendicular to the film plane for pure and SiO2 



















Fig. 5-9 TA dependence of Mr/Ms ratio taken perpendicular to the film plane for pure and SiO2 
doped cobalt ferrite thin films 
74 
CHAPTER 5                                                                  SiO2 DOPED COBALT FERRITE THIN FILMS 
Mr/Ms ratio of pure and SiO2 doped cobalt ferrite measured perpendicular to 
the plane of the films as a function of the annealing temperature TA was shown in Fig. 
5-8, and that measured in the films plane was shown in Fig. 5-9. The Mr/Ms ratio of 
SiO2 doped cobalt ferrite thin films is larger than that of pure cobalt ferrite thin films 
at TA of above 900ºC. An Mr/Ms ratio as high as 0.82 of SiO2 doped cobalt ferrite thin 
film was obtained at TA of 1000ºC.  
 
5.4 Discussion  
At least three reasons may contribute to the magnetic anisotropy in SiO2 doped 
cobalt ferrite thin films-internal stress, crystallographic nature, and particle shape or 
arrangement. First, although the films are polycrystalline ones where the stress 
appears in all crystal orientations, the stress generated due to the existence of 
substrates cannot be neglected. Second, the directional ordering of atoms due to the 
diffusion of non-magnetic interstitial atoms in a magnetic lattice as described by Neel 
(1954) may be important. Third, the shape and grain microstructure could give rise to 
the magnetic anisotropy also. We will concentrate on the discussion of the stress to the 











Fig. 5-10: Schematic drawing of magnetization of a material with negative magnetostriction 
under compressive stress. 
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The magnetostriction of cobalt ferrite is negative, that is, when we impose a 
compressive stress on it, we expect an increase of the magnetization. In the meanwhile, 
the direction of the magnetization will change accordingly. Schematic demonstration 
of cobalt ferrite under compressive stress is presented below. Stress alone can create 
an easy axis of magnetization [14]. For cobalt ferrite under compression, the stress 
axis is just an easy axis [14]. Fig. 5-10 schematically demonstrates the magnetization 
of a material with negative magnetostriction under compressive stress. 
Normally, the lattice constant a is 8.38 Å for bulk cobalt ferrite. After calculate 
from                                          d = λ/2sinθ       (5.1)                and,          
                                      a = d (h2+k2+l2)1/2 (5.2). 
Where θ was obtained from the XRD plot (Fig 5-2) with an error of 2%. We 
could get a lattice constant of 8.34 Å for CF films and 8.31 Å for CS film. Both films 
mentioned above are deposited on native oxide silicon substrate.   
In order to find out at what stress the stress anisotropy can be comparable in 
magnitude to the magnetocrystalline anisotropy, we simply equate the stress 
anisotropy energy to the crystal anisotropy energy K1. Then this critical stress will be: 
         σcrit =2K1/3λs (5.3). 
After substituting to K1=20x105 ergs/cm3, and λs = -110x10-6, we can obtain σcrit~ 
1.212x1010 dynes/cm2.  
In CF films, no significant magnetic anisotropy was found. Its stress can be 
calculated as：                                          
σ=Yε  (5.4) 
where Y is the young’s modulus estimated to be 1.5x1012 dynes/cm2 [1], and ε is the 
strain estimated from the difference between bulk and film lattice constants ∆a/a, 
which is calculated to be 4.72%. Thus a stress of 0.709x1010 dynes/cm2 can be got. 
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This value is lower than the critical value. Thus we can conclude that in non-doping 
CF films, stress effect is not large enough to surpass the effect of crystalline 
anisotropy.  
When a small amount of silica is added, a lattice constant of 8.31Å is got using 
Eq. (5.1) and (5.2), and a stress of 1.25x1010 dynes/cm2 is calculated using Eq. (5.4). 
This value is only 3% higher than the critical value σcrit ~ 1.212x1010. This translates 
to a strain difference of 0.002Å between actual sample and the critical strain. This 
difference is within the error of XRD measurement. Therefore, we cannot conclude 
stress is the dominant reason for the magnetic anisotropy in our study. This must be 
other origin in this case. 
In order to further study the doping effect of silica to co-ferrite films, we use 
sapphire substrates to eliminate the silica diffusion from the substrates. The coercivity 
value of CF films deposited on sapphire substrate was 1.16 kOe, which is very close 
to that of CF thin films reported previously [5]. This value increases to 1.80 kOe after 
doping SiO2. No magnetic anisotropy can be traced on this substrate. The reason why 
there is no anisotropy on sapphire substrate is not yet clear. However, we can prove 
that silica doping can increase coercivity of CF films. This increase can be explained 
by small particle size effect, in which: 
                                                     Hc =g + h/D3/2     [5.5]  
where g, h are constants, D is particle size, and Hc is the coercivity. Because doing of 
silica can result in a small particle size, as confirmed by our AFM results, it leads to 
the increase of coercivity.  
Although the doing of silica may lead to an increase of coercivity, we still 
cannot conclude that stress is the dominant attribution to the perpendicular magnetic 
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anisotropy in this case. Therefore no conclusion can be made, more experiments 
needed in the future. 
 
5.5 Conclusion 
Pure and SiO2 doped cobalt ferrite thin films were successfully synthesized 
using a sputtering method. Their structural and magnetic characteristics were 
investigated by XRD, AFM and VSM. Doping of SiO2 to cobalt ferrite, results in a 
perpendicular anisotropy after heat treatment at 900-1300°C for 30 min on the native 
oxidized silicon substrate, and an increase of the coercivity from 1.16kOe to 1.8kOe 
on sapphire substrate with a post-annealing at 1100ºC for half an hour. Doping silica 
can result in a high coercivity of 3-4kOe, comparing to ordinarily 1-2kOe.  Saturation 
magnetization can be reduced to a half of the value with doping of SiO2.  High 
remanence value with an Mr/Ms ratio as high as 0.82 can also be achieved in this 
project. The perpendicular anisotropy cannot be concluded as due to the compression 
stress after doping of silica. Silica diffusion results in small grain size, leading to the 
increase of the coercivity of co-ferrite films. The high coercivity in pure cobalt ferrite 
thin films may be due to the diffusion of SiO2 from the substrate, because the non-
diffusion sapphire substrate has a much lower coercivity value. SiO2 doped of cobalt 
ferrite may be interested for future MO applications. 
 
References 
1. Y. Suzuki, G. Hu, R. B. van Dover and R. J. Cava, J. Magn. Magn. Mater. 191, 
1  (1999). 
2. J. W. D. Martens, W. L. Peeters, H. M. Van Noort, and M. Erman, J. Phys. 
Chem. Solids 46 (1985) 411. 
78 
CHAPTER 5                                                                  SiO2 DOPED COBALT FERRITE THIN FILMS 
3. K. Suzuki, T. Namikawa and T. Yamazaki, Jpn. J. Appl. Phys. 27 (1988) 361. 
4. L. Bouet, P. Taihades and A. Rousset, J. Magn. Magn. Mater. 153 (1996) 389. 
5. C. H. Yan, F. X. Cheng, C. S. Liao, J. F. Kuang, Z. G. Xu, L. Y. Chen, H. B. 
Zhao, Z. Liu, Y. J. Wang, T. Zhu and G. He, J. Magn. Magn. Mater. 192, 396 
(1999). 
6. S. R. Mekala and J. Ding, J. Alloy. Compd. 296(1-2), 152, 2000. 
7. Q. T. Wang and G. H. Pan, Proceedings of 2nd international symposium on 
physics of magnetic materials, ed, S. G. Zhang, (International Academic 
Publishers, Beijing, 1992), pp. 383. 
8. X. X. Zhang, A. Roig, J. M. Hernandez, E. Molins, J. Tejada and R. F. Ziolo, 
Magnetic hysteresis in Novel Magnetic Materials, ed. G. C. Hadjipanayis 
(Kluwer Academic Publishers, Netherlands, 1997) pp. 383. 
9. Y. Kitamoto, S. Kantake, F. Shirasaki, M. Abe and M. Naoe, J. Magn. Magn. 
Mater. 193, 97 (1999). 
10. J. A. Christodoulides, N. B. Shevchenko, G. C. Hadjipanayis and V. 
Papaefthymiou, Magnetic hysteresis in Novel Magnetic Materials, ed. G. C. 
Hadjipanayis (Kluwer Academic Publishers, Netherlands, 1997) pp. 321. 
11. M. Tachiki, Progr. Theoret. Phys. (Kyoto)23 (1960) 1055. 
12. M. J. O’shea, Science and technology of nanostructured magnetic materials, ed. 
G. C. Hadjipanayis and G. A. Prinz (Plenum Press, New York, 1991) pp. 377. 
13. J. G. Lee, J. Y. Park, Y. J. oh and C. S. Kim, J. Appl. Phys. 84, no. 5, 
2801(1998). 
14. B. D. Cullity, Introduction to Magnetic Materials, (Addison-Wesley Publishing 
Company, Canada, 1972), P.273. 
79 
CHAPTER 5                                                                  SiO2 DOPED COBALT FERRITE THIN FILMS 
15. F. Haberey, and F. Kools, Ferrites (Proceeding of the International Conference, 
Japan, 1980), P. 356. 
16. P. F. Bongers, F. J. A. den Broeder, J. P. M. Damen, P. E. C. Franken, and W. T. 
Stacy, Ferrites, (Proceedings of the International Conference, Japan, 1980), p. 
265. 
17. P.N. Vasambekar, C. B. Kolekar, and A. S. Vaingankar, J. Magn. Magn. Mater. 
186, 333 (1998). 
18. J. G. Na, T. D. Lee, S. J. Park, Y. J. Tang, and H. L. Luo, IEEE Trans., Magn., 
vol. 31, no. 6, 3970 (1995). 
19. S. Chikazumi, Physics of Magnetism, Wiley, New York, 1964. 
20. J. O’Donnell, M. S. Rzhowski, J. Eckstein, I. Bozovic, to be published. 
21. B. D. Cullity, Introduction to Magnetic Materials, (Addison-Wesley Publishing 
Company, Canada, 1972), P.386. 
22. F. Seitz, Adv. Physics 1, 43, 1952. 
23. R. W. Hoffman, R. D. Daniels and E. C. Crittenden, Jr. Proc. Phys. Soc. Lond. 
67, 497, 1954. 
24. R. W. Hoffman, F. J. Anders and E. C. Crittenden, Jr. J. Appl. Phys. 24, 231, 
1953. 
80 
CHAPTER 6                                                  SUMMARY AND SUGGESTION FOR FUTURE WORK   
CHAPTE SIX 
Summary and suggestion for future work 
 
6.1 Summary of present investigation 
A. Al doped barium ferrite powder/ thin films 
Magnetocrystalline anisotropy was investigated in Al doped barium ferrite (Al-BaM) 
nanoparticles and thin films. A coercivity with a value of 9.3 kOe was obtained for 
mechanical milled BaAl2Fe10O, in contrast to 5-6 kOe for non-doping barium ferrite. 
Thin films with a film thickness of 500 nm were deposited onto various substrates 
using a DC face target sputtering system at room temperature. The formation of the 
Al-doped barium ferrite phase (Al-BaM) required a post-annealing process at a 
temperature of TA > 900°C.  This work has shown, that the Al-BaM films on (100) 
silicon wafer can possess a longitudinal coercivity Hc// of about 3.5kOe and a 
remanence squareness equal to 0.69 can be prepared, while 2.5 kOe was measured in 
the perpendicular direction.   
Doping of Al leads to higher coercivity in BaAl2Fe10O19 nanoparticles. In the 
case of a low concentration of Al, BaAl1Fe11O thin films show a longitudinal 
magnetic anisotropy. Mössbauer results show that Al preferentially occupies the 12k 
sites in barium ferrite nanoparticles.  
B.  Sputtered nickel thin films 
Magnetic anisotropy of nickel thin films was studied in this project. Nickel 
films with different thickness were deposited on (111) silicon wafer.  The 
microstructures of the films were studied using XRD, TEM and AFM.  These studies 
have shown that the deposited Ni film in the initial stage was a continuous and 
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relatively smooth layer.  A columnar structure was observed at the thickness of 78 nm.  
A further increase of thickness led to formation of a continuous film. 
Magnetic anisotropy was observed in the film with a thickness of 45 nm, as the 
coercivity measured perpendicular to the film plane was much higher than that 
measured in the film plane.  A significant increase in the coercivity was found at the 
thickness of 78 nm.  This was probably due to the completion of the formation of the 
columnar structure.  A further increase in film thickness resulted in a strong decrease 
in coercivity.  The film with a thickness of ∼500 nm possessed low coercivity values 
and the anisotropy changed to planar, as expected from a continuous layer.  Fig. 4-7 
shows the nickel thin films are of in-plane anisotropy. Since the smaller area of the 
loop, the smaller the energy, the more stable the status. Currently the area of the in-
plane hysteresis loop is smaller than that of perpendicular. Therefore, the columns in 
the 78-nm films (with a typical sizes of 10-20 nm in width and 20-30 nm in height 
(Fig. 4-4b) ) do not seem to play any role in the in-plane anisotropy but only in 
perpendicular coercivity. It is to note that the mechanism of the resulting magnetic 
anisotropy is complex and film stress may be involved.  The relationship between the 
microstructure and magnetic anisotropy needs to be further investigated. 
 
C. SiO2 doped cobalt ferrite thin films 
Structure and magnetic properties of pure and SiO2 doped cobalt ferrite thin films 
were carried out using a sputtering method in this project. Doping of SiO2 was found 
to reduce the particle size and allow a favorable reduction in intergranular interaction, 
therefore lead to higher coercivity. The increase of the coercivity is from 1.16kOe to 
1.8kOe on sapphire substrate, with a post-annealing at 1100ºC for half an hour. In 
addition, doping of SiO2 to cobalt ferrite results in a strong perpendicular anisotropy, 
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after heat treatment at 900-1300°C for 30 min on oxidized silicon substrate. Saturation 
magnetization can be reduced to half the value with doping of SiO2.  High remanence 
value with an Mr/Ms ratio as high as 0.82 can also be achieved in this project. Doping 
SiO2 may be interesting to future magneto-optical (MO) applications. 
Calculation shows that stress-induced anisotropy is not the origin of 
perpendicular anisotropy in Silica doped cobalt ferrite thin films, there must be other 
origins.  
Different mechanisms of magnetic anisotropy studied in this thesis are 
summarized in Table 6-1. 
Table 6.1: Summary of some uniaxial anisotropies. 
Kind of anisotropy Energy responsible Governing relation       E = Ku sin2θ 
Crystal Crystal anisotropy Ku = K1
Shape Magnetostatic Ku = Ks = (Na-Nc) M2 / 2 
Stress Magnetoelastic Ku = Kσ = 3λs σ / 2 
 
6.2 Possible future work 
 Further study of the effect of Al in barium ferrite will be carried out. Al doping 
enhances the coercivity of barium ferrite, but, at the same time, it also dramatically 
reduces the saturation magnetization of barium ferrite. For future high-density 
recording, both high coercivity and high saturation magnetization are desired. Our 
recent studies on Mössbauer showed that Al substitution of BaM occurs primarily in 
the 12k site. The significant reduction of saturation magnetization was thus due to the 
preferential occupation of non-magnetic Al ions on the 12k site. Therefore, further 
studies on the Mössbauer spectra of BaM with different doping ratio of Al can provide 
a possible solution for this purpose. 
 Although the crystal orientation of barium ferrite thin films can be controlled 
longitudinal in this project, the causes of the orientation dependence on deposition 
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conditions are still not fully understood. Since the annealing process only controls the 
crystal nucleation rate and growth rate rather than its orientation, it is believed that 
atomic short range ordering present in the amorphous state largely predetermines the 
final crystal orientation. The different sputtering conditions likely affects the local 
atomic arrangement, and this in turn results in a different crystal orientation after 
annealing. This aspect also needs to be solved in the near future. 
In Nickel thin films, high coercivity up to 806 Oe was found. Their magnetic 
properties were found related to a columnar structure. In the near future, similar 
studies of the relationship between microstructure and magnetic properties will be 
performed in Cobalt thin films. More over, a simulation system is expected to form for 
a combination of a continuous layer and a columnar structure in nickel thin films to 
calculate their overall magnetic properties. 
In SiO2 doped cobalt ferrite thin films, more work needs to be carried out. The 
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Appendix 
Magnetic Conversions 
Quantity Symbol Gaussian & cgs emua Conversionb SI & rationalized mksc
Magnetic flux density, 
magnetic induction B gauss(G)
d 10-4 tesla (T), wb/m2




U, F gilbert (Gb) 10/4π ampere (A) 
Magnetic field strength, 
magnetizing force H oersted (Oe),
e Gb/cm 103/4π A/mf
(Volume) magnetizationg M emu/cm3h 103 A/m 
(Volume) magnetization 4πM G 103/4π A/m 
Magnetic polarization, 
intensity of magnetization J, I emu/cm
3 4π×10-4 T, Wb/m2
(Mass) magnetization σ, M emu/g 1 4π×10-7
A·m2/kg 
Wb·m/kg 
Magnetic moment m emu, erg/G 10-3 A·m
2, joule per tesla 
(J/T) 
Magnetic dipole moment j emu, erg/G 4π×10-10 Wb·m 




henry per meter (H/M), 
Wb/(A·m) 










Permeability µ0 dimensionless 4π×10-7 H/m, Wb/(A·m) 
Relative Permeability µr not defined   dimensionless 
(Volume) energy density, 
energy product W erg/cm
3 10-1 J/m3
Demagnetization factor D, N dimensionless 1/4π dimensionless 
a. Gaussian units and cgs emu are the same for magnetic properties. The defining relation is 
B(G)=H(Oe)+4πM(G). Ba=Ha (cgs) Ba=µoHa(SI).  
b. Multiply a number in Gaussian units by C to convert it to SI (e.g. 1 G × 10-4T/G = 10-4T).  
c. SI has been adopted by NIST. Where two conversion factors are given the upper one is recognized 
under, or consistent with, SI and is based on the definition B(T)=µ0(H(A/m)+M(A/m)), where µ0=4π×10-
7H/m. The lower one is not recognized under SI and is based on the definition B=µ0H+J, where the 
symbol I is often used in place of J.  
d. 1 gauss = 105 gamma (γ).  
e. Both oersted and gauss are expressed as cm-1/2.g1/2.s-1 in terms of base units.  
f. A/m was often expressed as "ampere-turn per meter" when used for magnetic field strength.  
g. Magnetic moment per unit volume.  
h. The designation "emu" is not a unit.   
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